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III (his paper, W C  prcscn(  reccn( work or~ tllC CIcsigrl,
fabl ica(ion, and packag ing of a silicon MictwI,lw[[cJ-
Meclmnical Sys[cID  ( M  IiMS) miclogymscopc dcsigt)cd
f o r  si,acc al)plications,  A  hcnnctically scalui pac!wp,t.
ltlal h o u s e s  ttlc  microgyloscopc and nlost of ils conl[ol
clcc(mnics has  been built and (cstcd, ‘1’bc cnlite nlicl(~-
gyloscwpc  package  is apjmxinlalc]y 1 x 1 x 0,7 inches
in dill] cnsions.  ‘1’hc rest of the control elccl{-onies  wbicb
i n c l u d e s  Itlc drive and lock-in atnplificr cilcui[ly aw
nlounlcd ou[sidc [bc  gyro box on a 1 x 1 inch  c i rcu i t
boatd.  ‘J’his imckrgcd  lnicrogyroscope has a 7 117, sp l i t
bc[wcen its dt ivc and sense nmck  and has a scale fac~ou
of 241ilV/dcg/see, bias stabil i ty of 7(I dc@lr, angle
randonl walk of 6.3 dcg/dhr, and a rate ranlp of ().2
dc@lr/scc. Rcccnt  illll)l ovcnwnts on ttlc fabrication and
assclnl)ly p] occdurcs  anti microgyroscopc des ign bavc
rcsullcti  in clover-leaf struc[urcs  wittl nm[cl  Icd dlivc arrd
sense rcsollan( frequency. l’hcse new s(ruc[ules  have a
vcly S1[1:111 Iciilpcra[uw dcpcndcnt frcquc.ncy  stlif( of 0.23
llz~dc:,rcc fol bo(ll Il]c drive and sense ]ilodcs.

INrl”R(311U~’1’10N

l;u(ure space exploration missions wil l  Icquite nlicrc)-
simccclaf  ’~ lbat atc  10 to 1000 liillcs lower in cost,  Il)ass,
volunle, and power consuillp[ion than p[cscnt  gcncra[ion
O f  SpXCC1:lfl SUCtl ZIS lhc Gnli]co and t h e  Cassil]i
spacccIaf(. ‘1’llcsc d[as(ic  rcdmlions lead [0 similiar
changes in [lie attitude control systcn~ of the slmccrafl.
A([iludc conlroi syslcnls that  u s c  cor)vcn(ional
gyroscope technologies arc exceedingly costly, nlassive,
and consulnc 100 lnuctl power h bc used in the n e w
lilictosi>~tccct;~fl  designs. Microtlmcbincd  vitwa[ory gylcJ-
scopcs  [ 1 ,2,3,4] afc prorilisiny, candidates 10 rcldacc
corlvcrltional gyroscopes for use in this ncw ~cncla[ion

of n~ic[oslmccc[a!l  because ttlcsc  new l))icrogyrosco~ws
alc S111:111 (<30gln entire package) ,  sens i t i ve  (1-100
dcg/br), consull]c Iit(lc powc.r  (-d.5W),  and rllucb l e s s
cxpcnsivc [Iron nllcrna(e technologies.

I)l;SCRI1}’I’ION

l’rcviously, we dcrnonslrakxi a
r]lictor)lacl)ir]ccl  gyIoscopc with a  b i a s

ncw silicorl
s t a b i l i t y  of 29

d~c~/tlr ml a I]linirnurn r e s o l u t i o n  o f  90dcg/hr  at 1
second intcgratiorl tirllc using external “rack” C.tcc[ronlcs

I 1]. “Ibis silicon nlicrogymscopc rcselnbles  a four leaf
clover suspended by four thin wires  wi[ll a metal  post
allacbcd  1 0  lhc  ccn[cr  (l;igurc 1). ‘1’hc c l o v e r  lcales
III ovidc  Iar gc areas lor clcdros[a[ic  drive  anti sensing at
ltlc lowcsl resonant  modes,  ‘1’hc post i>lovidcs  a Iar:c
(’oriolis fwce couj]lir)g bclwccn  ll]c ortl]ogo[lal norl[la]
]tlo(lcs  when tllc gyroscq)c rola(cs  abou[  lIIC post axis,

Prgurc  1 .  Sllhl l]ic[ulc o f  a n  assclnblul s i l i c o n
lrliciorllacllirlccl  :yroscoj)c,

‘1’hc tligtwsl rola(ion scnsilivi(y f o r  a vibt  amry
pyloscope  is obtaine(i  when lt]c two osci l latory Inodcs
(drive and sense) have ttlc sanle resonant frequency. “J JIc
rcsimnsc  [0 lt]c (hriotis acceleration is [Ilcn arnplilicd
b y  IIlc Q faclor of ttlc  rcsolmlcc rcsulling in ir[]proved
scrisor pcr.fol Ir]ancc an(i rcdud drive. Vol(agc,  ‘1’t]c dril’c

aIId sense. rllodcs  arc irlllcrcrl[ly  dcgcncra[c  fol Itm clovcr-
Icaf sl[ucturc.  is syrllrnc([ical in ttlc x - y  p l a n e .  ‘Ibis
allows u s  to lake  advantagr  o f  (I]c Q-arll[)liflc21ti(Jrl  o f
llIc Clc)vcr-lcafc iisl)lziccr]lcr  its,

1’ABRICA’1’ION

h u l k  s i l i c o n  lllicrolll:[ct]irlill~ lccllnoloyy is Lhcd [0
lII:irIufaCIUr C [tic clover-leaf vibratory nlicrogyroscopc.
‘1 ‘II(C n]ic[-ogyrosuope eonsisls of tbrcc nla!or



co]lllmncn[s:  [Ilc silicon clo\cl-l  c:lfs[r Llc(llrc, (he silicon
tmscpl;llc, d (I)C Illclai pos(. ‘J’hc fat]rica(ion s[cps o f
[IIC s i l i c o n  c l o v e r - l e a f  struc(u[c  and (hc lmscpla[c  m
dlll)osl idcn[icnl, itivolving t w o  ll]asking :IIKI ck’lling
s[cps ;Ind olIc. nlc[alliz,:ltion s t e p .  “1’hc starling nla[cridl
for tm[ll [IIC clover-leaf s[ruc[ure  and (IIC imcpl:ltc NC p
tyl)c < I 00> doutl lc-side polistd silicon 01’ nwdc[-a[c
doping (1-3 Otllll-cnl) wilh (wcr cpi]aycrs  grown on (op.
‘1’})c buric(i cpilayrr is 4 microns lhick doped will] Ilort)n

( 10?O/CI113) :Incl coun[cr-doped wi[l~  (ic for s(rcss rciicf,
‘1’Iw top c[)il;lyc[ i s  26 nliclons [Ilick, “1’tlis c[~ilaycr  i s
hcnvily As-dopd for tlm c l o v e r - l c a l ’  smrc[urc  and r]-
d(Ilwi for llw bascplalc,
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‘1’lw fatmicaliof)  prt)ccss scqucncc  for [I]c llli~lc)~[ylos~.(~l~c
is shown in l;igulc 3. A [bin Iaycr  (1000A) ol tl)crJII:il
o x i d e  i s  :town o n  dlc  w:if~v d p:ll[c[  ncd wi[l) (hc
Clc)vcr Icof p:l((cl’n,  ‘Ibis pa(lcrilcd  oxide I;lycr is used as
a IIImk fot 111)1)  c[cl)in: o f  [I)c 26 llliclolls silic~o[l

C[jll:lycr  [0 (IW p+ c(cl I-s Lop ]:\ycr, ‘1’lIc crystal pl;lnc
sclcc[i\~i[y  of’ [tic. aniso[[opic }11)1] c(c I) pmvidcs v e r y
l~[crisc  and smoo(ll  dilllcnsions and surkrccs f o r  clovcr-
Ic;it s[ruc(ure.  Af~cr  (IIC 1;1)1’ CICII, (1w [ b i n  Ihcrll[al
okidc  N]:lsk i s  stlil)pcci  away and ano[llcl 3000A [I]ick
Illcrlllal oxide is ::[owli (J[) ll]c wal’cr,  ‘1’}]c silicon Ciioxijc
l:lycr o n  back  o f ’  lhc  w:lf’cr i s  ttlcn  pdt[crnc(i  d tlm
dcvicc is again  c~cld ill 1;1)1’. ‘1’llis clch rc]])ovcs  all [I)c
s i l i c o n  subs[ra[c  and s[ops a[ [Ilc p+ c[ctl-s[op l a y e r .
hTcx[, [hc w:(fcr  i s  clmvcd into individu:ll dcvims d
scpdrm(l, ‘1’hc clcavcd  dcviccs  orc [t]c I) t-c:icli vc ion

C[chcd wi th  S}:~ ad C)? until lhc  p-t s[o[)-c(ch  Iaycr  i s

Icllioi’cd. l;inally, [Ilc midc Iaycr  i s  S[[ipccl aiv:iy  using
(’l J,l and 0~ pl:lslll:l,

‘1’IIL? I_a[)licd(ioll  [JIL)ccss 0[ (Ilc s i l i c o n  Ll:lsc []la[c  i s
silllilar (0 [I)d[ Liscd f(w [I)c fa[>ricmlion of [Ilc clovct-lc;lf
s[luc’(u[c  I)u[ \vi[lt an :Kl(lili(jlml nlc[allizd[i{)n s(cp Ior
[Ilc clcc[lo[ics, ‘1’llc gdp sp:lcill: wl)ich scpaI:I[cs  [IIC
CloVCr-k’:lt” S[1 UL’[UI”C ;11)(1 [IIC C] CC[l[)dCS  01) (]1C b:l\Cili OLC

is Icolizcd  hy [he ft[s[ l;l)l> clch  i n  lIIC bascpl;  ilc
pI(K’CSSill:  SC(]UCllCC,  Al[cr the clovcl”-lc:lf SII’UCIUI’C  aJKl
[l IL’ bilscpld[c  al-c Scl);ll’:ltcly  fal~rica(c(l,  {Ilcy  nrc [I]cn
txlndcd  [~):c(l]cr.  All dc\iccs ale firs[ [cs[cci for rcsonon(
11~.qllcl~cics  :I[l(i lll[dc sildpcs.  AI’(cI  Illcsc  illi[inl [CS(S, a
Il)c[:[l  pos[ i s  clmsicd ill[o [I)c ilolc oil lllc s i l i c o n
Ics(ln:l[ol  (I(igutc ‘1). T h e  dinlc’msion  of (Ilc s i l i c o n
ui{]\,cr-lc:lls[[Llc[Lltc is 7 nltll x 7 ]nin, lhc dinicltsion o f
L2LIC11 ciovcr icd[’  i s  1.8 [1)111 x I  .S 111111,  afd [Ilc  post i s
5 0 0  ]Ilicrt)ns i n  di:llltc[cr d 5  ItIrIl in Ic[i:[h, ‘ 1  he
sili<on b a s e  [)i:ilc is I cnl x i CIII an(i is :ii>j>[oxi]ll:l[~~iy
4(X) nlic[-ons  thick.

7) oxide clch.
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l;i:u[ c  3. I;tli)t icotion l]toccss  fof lhc  silicon cl(~\’cI-icdf
S(IUCIUIC :inci lilt siiicon tmsc I)l:llc.,
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Fl:urc 4. (’r(lss-st.c(io[l:ll view () I [[K Conl[)lclc
lllic[~l:yl~lsco[]c,

~ON’1’l{ol, Ah’1) I;l,ltC’1’RONICS

‘1 lIc i)lock dia:,[alll for [ilc  nlicro:y[oscoi)c clcc[lonic’s  is
S i l o \ \ ’ 1 1  ill i’l:UIC  5 ill W}liCil tllC foUr stl;l[iLXl S(lU:UCS
lL[)lcscnl t i le  gyroscx)pc’s  four c:llxlci[i~c l)ol(s, ‘Iwo {of
tile IK)i ts nrc u s e d  m Clcc[los(:l(ic  (it ivc inputs NIKI t\v{)
wk’ llscd for scnsi [):: ttlc  lno[ioll o f  li]c s[ruc’[ur c’, ‘1’lw
su]olllitlg dI)ci [ii[’k[c[lcc a[]]plil’lcrs ;(rc rcl)rc~x~n[cd iIy (Ilc
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cilculal ncdcs.  ‘1’tlc sLlln alnplifler p[ovidcs a s igna l  [tlal
is duc  [0 rcscmalor  Inotion alor(g  the driven nxis,  wl]ilc
t h e  diflfircncc alnplif’icr prwvidcs  a signal thal is dLK to
resonator  mot ion along (tic  sense axis pr(xlucd by
ro[ation. ‘1’hc block labclcct “ 1 1 ( s ) ”  rcprcsen(s  a vol[axc
~aill circ Lli(. It i s  conml!c. cl b y  tbC aLl(Olllati  C gain
control cil-cLli( rcprcscntcd  by [Ilc. “ACJC” block.
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I ‘igul c 5. lllock didglalll of lhc microgy[oscopc cont ro l
clc’cl[ollics.

‘1’llc tllic]ogymscwpc is clrivcn  i[l[o a rucking,  r e s o n a n t

I))(xIc  by al~lplifying and fecdin: back  the sum ampliflcl
si~llal 10 [bc clrivc  1 0 0 1 1 s . ‘1’IIc AcX circLli[  i n
Corljullu(ion wiltl lbc vol(agc cc)ntrcd]ccl  atnpiiflc[ circui(
sch [IK CII ivc vc)l[agc  amplitude as ncccssaly  [0 maintain
[Ilc dc.siicd  l)cak  [o peak clisplaccmcnt.  In (tic abscllcc  O(
1 o[aliol), (Ilc rockin: nlotic)n  of the s(ructute  is confined
10 (IIC clrivcn  axis, the cliffcrwnce  signal is lt~creforc 7cro.
LJndc[ 10[:llioll about  the axis pcq)cnciicLliar  to (be pianc
fol [Ilcd  by [Ilc  sense ancl clr ivc axes, tbc  Colic]lis cffccl
Causes (I]c rocking tilo[ion in the drive axis to cc)Ll~)lc (0
tile sct]sc axis, ‘1’hc aml)li[uclc of (}IC result ing clit’f’crcncc
si~nal i s  I]r(}pol(ional to lIIC ap}]]iccl lota[ion ra[c. ‘1’tlc
disi)laccmcn(s in [tic sense. axis duc tc) tllc ~c)riolis lt)[cc
is Slll:tll in ccrlll[mrison 10 the ciisplacelncnls in Itlc  dlivc
a x i s ,  llILLs, [IIC sc]lsc signal is slnzrll colllpalcd 1 0  ltlc
cl[ivc  signal nncl easily obsculcd  by clcct[-ical  noise and
p a r a s i t i c  cc)ul)]ing c)f Cl[ivc s i g n a l .  l;or t h i s  rcosc)ll
syncl~ronous  detect ion at 90°  fIom tiIc drive signal  is
USC(I 10 cxllacl (tic dcsirccl  Coriolis inclucccl signal,

k: ffcct of Q - f a c t o r

lnclcasitlg the Q factor of (hc resonator has [I)c clcsi[ablc

Cffc’c( o f  i[lL’rcnsing  ltlc s e n s i t i v i t y  o f  t h e  micrw
~,yl oscopc  and (1IC uncicsirablc  cflccl o f ’  increas ing lIw
l-c’c]uil-cd (Iyll:]lilic r a n g e  of (Ilc AGC cilcuitry, As ttw
IcsonaltM Q f’ac(or is incrcascci  Ihc cliflcrcncc bc.twccn [tic
:,fiin Ic{luilccl  (c) SIN( rcscmancc ancl ~llaint  ain  It’s[malm

illclcascs, I1i@l  g a i n s  (iuling stnl[up cat] ica(i 10
uldcsir; lbtc Ilig,ll  flc(iLlcncy  eicctricat osciila[ions wilicll
can Imcvcnl  i)topcr cicct[c)illccl]ar]ical rcsona[]cc.  Onc

inccau[ic)ll (bal  call  bc Iakcn  is [c) rcliucc  [hc g,ain
v o l t a g e  controllcci  a m p l i f i e r  at flc(iucncies

Ics(lnancc.

l’rcamplificr

of tllc
ta )Ovc

‘1’ilc plcanlpiiflcr cc)nsisls of a pair of IOW cuucn( no ise

alni)]ificrs, c)nc fc)r cacil  of’ the two sense ptm. McI.ai
fIitJI Iligil mcgohnl resistors were chosen for Iltlc

[csistors  due to the.ir superior noise pcf forllmcc mcr
Il]cir [Ilick fiim cc)urltcrparts.  LJnsllici(icci ic)ng
illtcrcor]llccticlrls bctwccn  the Illicrc)gyr{)scof>c’s  s e n s e
[ml  R anti tl)c  atlli)iiflcls can caLlsc pl-c)bicms, cspcciaiiy

if tile i n t e r c o n n e c t i o n s  m n o t  r-igicily su~)pcx[cci.

Vibralion inciuccci flcxurc c a n  c a u s e  g e n e r a t i o n  o f
ullwantcci  signals duc to changing parasitic capacitances.
‘1’l)c aln~)liflcr is cxtlclllciy s e n s i t i v e  t o  capacitm:c
ciml)gcs  c)n i ts irlput. O n c  gigaoilm c)f r e s i s t a n c e
bctwccn  t i l e  s e n s e  and cirivc cicctrocic’s call  C a u s e
cxccssivc  cc)upling  0( the ctl ivc s igna l  intc) tlic s e n s e
a[l~j)liflcrs. “i’iIc  microgyroscopc basc[)]atc m(i ali
cicclronic colnponcn(s nssocia[cci witil lilt prcarl)piifrcl-
rIILJSl  bc free of corlt:llllitl:ltior],”  W c  imvc fabricateci tile
lwcanll~lihcr circuitt y usin:,  surface nlc)ulIl  co IIlpcIncnN

cIn c o n v e n t i o n a l  gloss piin(c(i wire bozucis and using
ilyhtici tcctini(iucs  in wllicli bare ciic were atlachcci to a
fiIud ccra[nic  subs(ratc.  IIo[ti tcchni(iucs  offmd gCKd
i)cr forlnancc, bLl( (hc hybrici  pet forlncci  r]c)ticcabty  bc[tcr.

ASSKMIII, Y ANI) 1’ACKAGING

‘1’i]c goal of this packaging ciesi:n  is to huiict  a small
fmckagc  [c) h o u s e  [ilc rllicrcjgyrc~sco[~c,  a prc-atnpiificr
cilcui[, a sLlrlltlli rl:/s Llt)[r:ic LirlS c i r c u i t  an(i a slilz, il
vol(agc  rcgLll:l(or/l>(jw’cr  cc)nvcr[er.  I n  aci(iition,  the
IJlicic)-gy[c)scoi)c  ncccis 10 t)c oixra[eci  i n  a  v a c u u m  of’

1 0 ?  tc) i(l”3 toll, ncccssi(a(ing  a ilerlllc[ic packa:c.  2’IIC
il}iliai gc)al is to c[catc a sut’l-lcicnt  scai for tile pac!qc
suet] tl)a(,  witil a n  initiai vacuur]]  o n  tile mcicr o f  106
tc)rl, WK’uutn woulci  bc ilci(i fc)r 2-3 ]nonttls. S i n c e  [tlis
packag,c is for Sim’cfligi][ applications, the cicsigrl mus[
also a(id[css  ltw C’llvil[)ll[llclll:[i concti [ions  of’sp:wclligb[,

‘i’o  rninirtli?c tllc packa:c’s si7c, a cioublc-sicieci substrate
(Im [s c)n tmtil sicics) w a s  cicvciopcci. ‘1’ilis amciior:ttcci
[t]c inllmct of tlw iargcr  Caimcitc)r forlll fac(ors  (.22 x .’25
itlcll) ncccssary ill ti)c cir~uit. Wi(hc)ut  lhc  u s c  (of
I][ultiiayer subslratcs,  two sin:ie siclcci  substlatcs  w e r e
cicsigncci ancl ]I]outltcci  back to back.  ‘] ’hcsc substrates
WCIC. Corrncctc(i using ribbon conductors, cc)lnplicatir[g
ttlc  cci,gcs c)f t h e  s u b s t r a t e s  (wtlcrc  tiIc  conncc[ions
bc[wccn  s u b s t r a t e s  WC.(C rllacic), A g,olci-~)la(cci, brw:s
pdcia:c w:is cicsigncci,  U[ilizing soiciclc(i,  Ilcl  rnc[ic  fcn:i-

(Ilrougils and a  s o l d e r - s c a i  iicl. ‘l’c) irllpmvc k seal
cfikctivcncss, the fmchgc 10 lici inter face was cicsignc(i
as a sirllplc iabyrinli~ sca i  (I;igurc 7 ) .  ‘1’i)c soidcr  fcoJ-
tllrou~i)s scicclcci wcr-c frol]] avaiiatjlc s t o c k  (agai[l, I n

[l)c’ intelcst c~f (i]llc), hu[  were spcciflc(i to bc 10”s cckc
IcA [a[c or  Llc[tcr.  ‘1’ilc finai cncichure  si7c w a s  I i x
i  .() x  0.7  irlctrs, ‘1’f}c cor[]plc~cci Il]icrog,ylc)scoi)c”
packigc is stlown in flgulc S. l;i~urc 9 siloWS ttlc
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constitucnl parts  of t h e  asscn)bly,  incluciing two
subs(ralcs,  a lIIclal cr~closurc and lid, md Ilcrlnctic  SO](ICI
feed-hlouglls.

Lid .
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l;igurc 9. ‘1’hc colllponcn[s of [Ilc  nlicrogyro package.

];igurc 7, l a b y r i n t h  s e a l  dc.sign for the pachgc l id
in[ctfacc.
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. . . . .
liigLllc 8. A fLlnclionnl Vaculllll pdcilgcd

]Ilicrogyroscopc for Iilicrospaccc[afl  ap~]lications,

‘J’IIc sut)s[ratcs w e r e  ]noLlntcd  10 lhc  p:tckagc u s i n g  a
co[]lt)illalion  o f  fmtencrs ( 0 . 8  lJNM) and xihcsivc.
o r ig ina l l y  env i s ioned  as a rcwm  klt)lc J)~Ck:l~C, (Ilc

ndtlcsivc  bonding w a s  ,xlcicd law 10 reduce the torque
rc’qLlilt’Ii  on ll]c fas[crlcrs  (uscci as locatir~g  dcviccs only),
t h u s  l]]ilii[ni7iil: (Ilc  slrcss o n  t h e  ccrwmic sut)s[ra(cs
‘I’l  Ic pdcka~c  also incoqmatcd provisions for a pirrcl)-ofl
tul)c, wt~icll  w’as usc.Ll to  gc.r)cratc. t h e  fII)al s e a l  i n  a
\’:lc UUlll cnvimnmcnt. Iilcctrical  cotllponcnls w e r e

Ix)tdcd (0 tt]c suhs[ra[cs  and electrical eonncc(iorls  IImdc
via S01(1 wiw-bonds.

}Vhilc IIIC lmwcl dissi  JKrtion of individual dcviccs  wi[tlin
the pachgc arc not s ign i f ican t , tlIc  curnulativc.  powct

dissipation wa\ I]igt) CIK)U~h t o  w:m  nnt fur(tlcl

illvcs(i:ntiot~. Af(cl the initial dcsigrl  was cotnplctc, a
sillll]lc ANSYS finite-clc]ncnt  thcr-lnnl  modcl  wa\
~cmmtcd,  ‘1’hc Icsulls o f  this a n a l y s i s  arc sllowrl irl
ligLllc l o . ‘I’l Icsc rcsLll[s i n d i c a t e  ltm( sig, nifrcan[

ktl)pcr:uulcs rises will not occu]- within (Ilc p:tckagc,
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]igulc I O .  ANSYS frrlitc-clc!iirn( tltcrll];~l  ll)(Kk’1
~cIIcra(cd  for tt}c mictogyroscopc.  package.

~:ibr i cation aIICi asscrl]bly o f  t h e  microgyroscopc

p a c k a g e  pr~~cdcd w,ittl  J)ar[icular  a t ten t ion  pa id  to
scdlirlg and lc& check o p e r a t i o n s . A  f[cr the fox-

tljrougtis and pitwll-oll [Llt)c w e r e  i n s t a l l e d  in[o [he
CllCi  OS UIC, ttlC MSClllhly W21S c} ICCkCd fOr lCdk r:l[C’ USirl:

s[m.l:ud  tlcliulll Icak c l i n k  tccllniques. ‘1’hc Cllclosulc
Icak rate was hctlcr than or cqLIal to ttlc resolution of the

lc:ik  tcs[ ( 10”’~ cc/scr ot hc[tcr).  After ~hc suhstr~ites WCIC
a~scnlhlcd  an(i inslal Icci :ln(i  tl]c enclosure 1 id t)ondcd  d
s()](lCI”C(i in J>l~CC, ttlc :lSSClllhly W~S pklCCd in ~ V:ICUUIII
ctlarnhcr  and ou[:assccl for 24 hours @1850 (: ii] vacu LI[n.
A f te r  ttlis time IICl id, the vacuurrl  in the charnbcr  Id
s[zlt)iliz,c(l at 10 7t0rr. ‘1’hc pinch-off luhc was tt]cn  scaled,
[I II(I (hc L]nit  rclllo\fcd  lrmn tt]c chamber.

Cll Al{  AC’I’ltlt  IXA’I’l  C)N

I’tlis paJ)cr presents ttlc first data we have collcctcd  for a
vacu LIIII Jxicka:,cd rllicrogyrmcopc  w i t h  s e l f - c o n t a i n d
ckc(rmics. N o  e x t e r n a l  o r  “ r a c k ”  clcclronics w’crc
utitifcd fm t h e s e  nwasurcnlcrlls  wttich  WCI-C c l o n e  11[
nll]bicllt prmsLlrc  and tcrnpcra[urc.  A  fl[st gcrlc ration
nliclogyroscopc wit}l a flcq Llcncy sl))il bc(wccn  drive ard
s e n s e  rcsonancm  of 7 Jlz was used for this dcvicc.  A
tul II or] lirl]c of 5 seconds w;is mcasu[ccl,  Since the [ulm



011 tirnc dqxnds 01) tt~c Q o f  t h e  (Itivc rcsonancc,  tlw
[ut II 0[) tirlw is Iikcly (0 vary for future dc.vices,

l’tlcka~c[l microgyroscopc r o t a t i o n  data

‘J’tlc response  of k rlliclogyr-oscc)l~c  to rotation I:L(CS
bc(wccn  -2 drgkcc  and +2 dcgkc  i s  s h o w n  irl frgLIIc
I I .  l;(M this  tc.st,  a I’riorl’cch  S3471{  r o t a t i o n  tahlc wi[t)
a  rcsolu[ion of 0.01 deg/scc  w a s  LISCCI t o  rotate  the
gyl OsCopC Jlachgc and a compuler w a s  used to rc..old
lhc oLltput  of [IIC. ~yroscopc  as a f u n c t i o n  of rotatio[l
rate. ‘1’lmc  consecutive tests arc dorm to check for
tlyslcrisis  arlclsc;llc f:ic(c)r s[:~t>ility.  1;igLlrc 12 shows Illc
residuals for lir)carfl[s of all tl)rccrota(iorl tests.

}igulc 1 1 .  Rotaliorl rcsimrlsc  of

.? .15

Rcdmd,  km Rotiitlw,  lr+

A -.-L A
.1 .0.5 0 0.5

Roralion  Rat. (LI.  #k.c) [ 15

];i:, u[c 12. }<csidLlals  f o r  ]irwar f i t s  o f  ro[n(ion (cs[s  o f
llw p:lckagc(l  rnicl o:yroscopc.

‘1’l)c {irccn charl, wtlictl p l o t s  t h e  twc)-salll[)lcd  S[;m(lard

dcvi:[(ion (sq Lnrc root of [hc Allan Vali;]])cc)  os :]
fu[lction of ttw intcgr:ition tirnc. is stlowrl in figure 13.
‘1 ‘Ilc. d;~ta fr or]] It ic packngd r)licrogymscoim is cor np:lIcd
wi(tl tllc  p r e v i o u s  r e s u l t s  [  1  ]  c)bt;litml  willl cx(crnal
“rack” clcc[rorlics. l;or the packrgcd  tllicrc)gylc)sco[~c,  ttlc
ralc wlli(c n o i s e  o r  arlg,lc rmd(m walk  i s  6.3 dcg/A,
(Ilc bias  stal]ility i s  l e s s  llmn 7 0  dcg/111, aml lhc  Iincar
ril(e  d r i f t  01 r a t e  I:u[lp is  () .2 dcg,/tl[/scc. ‘1’hc incrc;iscd
ra(c wlli[e n o i s e  o f  (Ilis pnckrged  rllicrcrgyl-oscopc  is dLtc
t o  (I)c Iar:cr lcxor~ant  frcqucvlcy  rllisrndtch f o r  t}]is

dcvicc.  }Iovwvcr, ttlc  r a t e  rarilp is  rcducc-41 s i n c e  tile
circui t  (Idcks  Itlc srllall variatiol)s in tllc  drive flcqucllcy,

Quadr;iturc Error

‘1’IIc  Illic[ogyrc)scc)l}c’s  pcrforllmncc m a  rotdtiorl  scnsot

g,lca(ly  depends  on  ]]ow well ttlc vit]l atin: mot ion i s
c o n t r o l l e d ,  P[cscntly, a sing,lc  100[) is LIscd to corltrcrl

the motiorl Of ~tlc Illicrogyroscopc bccausc it is awurllcd
that  [ h e  dcvicc i s  pcrfcc~ly  fabric:itcd,  ltlcvitab]y, [bcI-c
mc dcvicc. irllpcrfcctior]s  ttmt  rcs Lilt i n  an olfse[ si:n;li,
01 (lLdAulc er{or, in the oLltput 01 tbc ~:yroscopc,  WC

Ila}’c  rcpcatnbly  s h o w n  t h a t ,  f o r  o u r  bulk r[licrr)-
IImchincct gyroscope, ttlc quacirdurc  cr[or ciocs not rcstllt
ill alliplificr satLlra[ior] p r o b l e m s  since  it is slna]l i n
lrla::nitude Corrlp; utxl t o  the Coriolis signals w c  wc
rilcmLlring. ‘1’IIc qudra[utc cnor may  bc fur[t)cr

to

‘ .
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,, (1-...,, ,, ..,,...,

I I I o I Clcl 1320 I 0(102

I[ltc:[dtio[l  T]rllc  (sCc)

Ii:,ure 13. Gr-ecn clllitt  of ttw packaged  rlticrc)gyroscc)[~c.

‘1’c]npcratur-c  Scnsitivily

our first :cncra[ion of r)licl~):ryrosc{)flcs  [ 1] LISCS a qLlart/,
b[lsL’[)l{l[C {Uld H Sl]iCOll  Vibr21[i11~  S[rUCILll  C, whl[C [bi S
r[lit]irnizcs jmrasi[ic coLlplirlg, ttlc diflmcl)cc  in thcrillill
cx~]:lnsion  coclflcicnt  bctwcc[l  the qLmtz and ttm s i l i c o n
~~n~[  :l[~s Iclllpcra[urc delndcn( s[rcsscs ill [1 lc
rc’son;i[in: stl Llc[Llrc. ‘1’lwsc strc’sscs  chnnpc  [hc rcsormnt
fluqLlcrlcics  o f  t h e  st[LlctLlrc and, rtlorc  irl)por[alllly,  dK-
frcqLlctlcy  diflcvcrlcc  bclwccn  the cirivc :md sense rno(ks.
W c  tmvc rllea\Llrcd a  ctmnpe i n  f[~qLlcncy  o f  1 .ft
}Iz/dc:,tcc  for tllc  driw rnodc,  3.7 llzldcg[cc fo[ (Ilc sense
rl](xlc  and 5 . 0  Ilyklcg[m  f o r  ttlc  up/dow’tl  rnodc.  T h i s
iudicakx tlm(  ttlcsc  rtliclo~ytc)scol>cs”  w i l l  not  (10 well
\vittmLlt  tcmpcratute  control.

‘1’JIC [Jrcsc[lt  ~cncr:ilion o f  rilicro:yroscoljc.s  LISCS a
s i l i c o n  basc})latc  aII(i a  silicorl  vi bratitlg s[ructutc. lr)

ttlis design, only tllc  clcctrodcs  and tllc bonclin::  rna(cl ial
:cncra[e tcr]lpcr-;  KLl[c dcpc[ldcnt  stresses ir] tl]c  vi bratirlg
Stl  Ucturc, we lllC:l\UIL>d a Ch~llgC ill flcqucllcy o f  ().:!~
}li~dcg[c.c  for tmttl tllc drive and sense modes ad 0.30
}1//dcg[cT  f o r  ttlc Lll)/down  rnodc.  ‘1’hc rcsLll[s o f  t h i s
tclllpclaturc tcs[ing arc sllowr)  in f}&Llrc 14 (tllc Icft peak
i s  ttlc two rockin: rnodcs w h i l e  ttlc rigtll peak is [I]c
Lll)/d OWll 1I1O(IC). Notice that ttlc dr ive anLi sense m(Kics
arc Ovcl-la])l] ins ill licq Llcncy at 1.4425 k}Iz. and ttl:lt [bcy
do 110[ Seimrdk wi[tl tcllll)cr:ltLlrc clmn~:es.



lemp.crdur. (c”)

I ‘ig Llw 1 4 .  ‘1’clllpcratLllc  dc~xmlcnce of rcsonan[
l’i CXlUCIK-y  ofttlc. silicon cloler-lcafs trLlc[LIIc.

11’U’I’URIC  WO1{KS

}’[cscnt]y,  we zuc con(inLling t o ill]prove the

pcrltu ()~ance of the nlictogyroscopc by t-c fining tbc
Stluc[ulc a n d  fab[ica(ic)n p r o c e s s  Of Ihc silicon

]I]cclm)ical rcsona(or.  A ncw  clovct-leaf Inicrogyroscopc
wilt) an intc~ta(cd silicon lmst  is under dcvclo~)mcnt  (112(
will si}l)piify [hc assembly process zud  inlprovc yickl
and pc[[oul)an cc, Wc arc alscr working on force  -rcbalancc
Ivxlbnrk  clcc([onics  thal  arc ncccssary for tlw con[rol 0 1
IIW (Icgcl]cl:i(c-]l)c)clc  ]l]icrc)gyrc)scc)[~cs. A new ancl  nlucli
s]lmllet Kovar  [mcka:c wi[b :Iass-to-lllc[al seals is

t)cit]g f:ih[icakxl f o r  Illc lllicrogyroscc)~lc.”  ‘1’his nmv
luickagc  is dcsigrml to nlain(ain prcssLlrc of Icss (Ilan 1

11]1()[1 fol- o v e r  3 y e a r s ,  lfinally, a seties o f  s p a r e
qLtali(ication  [CS[S arc bcin,g pcrfmn~cd  on tl)c clover-lcat”
rllicrog,y[oscopc  10 dctcrlninc  the space wm  ltlincss  or tlw
d~cvicc.  ‘1’hcsc qLlalification tests include tttc[ Ilml  cycling,
r;idia[i(~n,  vil)[-a(ion  and sl)ock.  ‘1’hcse tcs[s arc scpal;itcd
itl[o two calalogLIcs:  surv ivab i l i t y  (cst and irl-run tes t .
S u r  vival)ility lest dc[c[-rllincs  tllc l]laxirnLlnl lcrlc[ance
Icvcl or (IIC device, wbilc ttlc in-rLln  test dc(cvrnincs  the
bchaviol of ttw  dcvicc  wt]cn  subjcctrd 10 tllc v a r i o u s
cr}~’ilorlrilcrl(:il corldi(ions. All [Ilcsc cflotls will ~csult in
a  tob List a[ld l o w  c o s t  micro~ymscc)pc  syslcm  wit})
itlll)rovcd I]crl’ot Imrncc o f  . :  I dc#lII for s p a c e
al)l)lica(ions.

CON C1<LJSION

in this {ml)cr,  we plcscnt  pclfornlance data on a packaged
silicon M I  (M S n]icl ogy[oscopc dcsig{lcd  fm s p a c e
al)l)lica (ions.  ‘1’hc paciwgc  hous ing ttlc  r]liclugyloscol}c
and nlc)st of t})c control electronics is approxilnzrlcly 1 x
1 x 0.7 inclms  in dinwnsions. “1’be rcs( of [bc c o n t r o l
electronics w h i c h  inclu(ics  lhc d r i v e and IocK-ir]
arlll)lific’r cilcLli(ry arc n]o Lln[cd outside Itlc  f,yfo box Or I
a I  X I i n c h  c i r c u i t  board,  ‘1’his packay,cd rllicrc)-
gyroscol)c  has a 7 117 s[~lit bctwccrl  its dri VC and sclm

nlodc  and a SC:(IC factor of 24mV/dcg/see, bias stability
0[’ lCSS than 70 dcghr,  angle random walk of 6.3cicg/dilr,
ar]ci a fak ra[rlp  of 0.2.LicSfl lr/see, Rcccntly wc have
dcnlofls[ra(c(i  silicon clovc[-leaf sti Llc[Llr-cs wi[il nmcl]t:ci
(i[ ivc and sense resonant. ‘1’ilcsc ncw str Ltc(Ll[cs Imvc low
lcrll[Jcru(Llrc dc[lcncicn[  frc(iucllcy  silifl of ( ) .23  ll/kicgr LC

fur tm[tl  t i l e  (il ivc mi s e n s e  nlo[ics.  W i t h  furlbcr
ir[)[)rovcnlcn( in Itm fabl ica(ion process, ncw  packaging,
aIKi inlprovcci  clcctionics [bc pcrfmnancc of ttlis
lllicrogylosc’()~~c”  wili bc significantly inlprovcd.

AC: KNO}$’1,ll;l)(; N41tN’l’S

‘)’)]c autilof”s  ttlank ])r. }’aLIl h~:Lkcr an(i ]{ic]m(i Miillcr
f(]l tile  fai)[ ica[ion oi’ C-fmrll i)ilc)[c)litilogral>tlic  masks.
Silccial tlmnlcs  [0 Charles Cfu7an anti Sanciy Chavw (of
h asserllbiy  of tllc rllicrogyroscoiw  package, “1’i)c work
dcscribcd  in tilis paper was pcrformc(i  by ttlc ~cn[er fol
S]]acc h4ictc)clcctr<)l~ics ‘1’cci}nology,  JCL 1’ropLllsion

I ,aboratoryt  California Inslitutc of “1’cct)rloiogy,  and was
simIIsoIcci  b y  N a t i o n a l  Acmnau[ics an(i Sim:e
Atlr[iil~is(ri~(ic)r~, Oflicc. of Space. Access and ‘1’ccbnoloxy.

ltl’:1’ltR1tNClts

[1] ‘i’. K,’l’zrng, R.(.Ciu(icrlcz,  J. Wilcox, C. Stcil, V.
VOr})crian, 1{. (7alvct,  W .  Ii, 1. ~i]arkaborly, R .
IIartman, W. Kaiser, “ S i l i c o n  I)ulk Micromachincci
Vibratory Gyroscol)c”, “1’ecil I)i~cst, Soiici-State Sensor
anti Actua[or Wc)tksim[).  }Iil[on 1 lcad,  S.(:. pp.288-293,
Ju\)c 1996.

[ 2 ]  M .  W e i n b e r g ,  J. }Iclnstcin, J.  IIorcns(ein, J .
C’alllpbeii, J. ~ousc-ns, 11. ~ur~llin:ixrln, R, l;iclcis, 1 ’ .

(;lciff, 11. FILIgiI, 1.. Nilcs, J .  Sot)n,  “Miclc]rl~:tctlir~irl:
irlcr (ial  instl-ulllcn(s”.  S1’lt( Vol.  2879, pp.26-36,

Scp(clnbcr  1996,

[3] 1), 11. 1.jurl:l “1’, N .  JLincaLI, an[i A .  1’. l’isamo,
“hlicrc)ll~aci~ir~cci ‘1’WFO ]npu( Axis Anguiar Rate Sensor”,
I)t wwditi,qs  of [}1(’ A  .YME  Dytr(lt)lic .Yys(ctns ad
C’otlrtol” /)i}i~iot/,  I) S~-Vol. 5 7 - 2 ,  1h4ilC1}VASiVll  ~,
~)}).957-962,  1995.

[4] h’1. i’Lllty, K. Najah, “ A  h~icrc)r~l:iciliilcci  Vibra(ory
Riny, Gyroscope”, ‘1’ecb i)igcs[, Solici-S(atc  Sensor  arKi
Actuator W’ot ksbop, }Iillon llcaci,  S.C’., 11p,213-220,

Ju[lc  1994.


